Introduction {#sec1}
============

Esophageal cancer (EC) represents one of the deadliest but least investigated cancers, due to its exceedingly aggressive nature and high mortality rate, and ranks as the sixth most common type of cancer.[@bib1] It is reported that EC caused approximately 395,000 deaths in 2010, with China accounting for the majority of the deaths.[@bib2] Because of the poor prognosis of patients with EC who receive unimodal treatments, such as surgical resection or radiotherapy, a multidisciplinary strategy is considered the standard of care in EC.[@bib3] Although various combined therapeutic methods have been applied, EC remains a difficult cancer to cure, owing to its multifactorial etiology, with no specific agent discovered to be the sole cause of the disease.[@bib4]^,^[@bib5] Studies have identified various risk factors associated with EC, including environmental and dietary causes, such as tobacco smoking, low vegetable intake, alcohol drinking, and low fruit intake, all of which have been found to play critical roles in esophageal carcinogenesis.[@bib6]^,^[@bib7] Altered expression of microRNAs (miRNAs or miRs) has been detected in EC, highlighting the significance of miRNAs in tumorigenesis.[@bib8] Thus, further investigation into the role of miRNAs in EC may help enhance the current understanding regarding the prognosis of EC, the specific function of miRNAs or their related genes as biomarkers in EC, as well as treatment.[@bib9]

miRNAs represent noncoding RNA molecules that regulate gene expression on a post-transcriptional level in various cellular processes, whereas the role of miRNAs in the regulation of protein synthesis is yet to be fully elucidated.[@bib10], [@bib11], [@bib12] In addition, miRNAs have been implicated in tumorigenesis, acting as tumor suppressors or tumor oncogenes.[@bib13] It is believed that abnormal expression of miR-135a bears a certain relationship with oncogenesis.[@bib14] The smoothened, frizzled class receptor (Smo) has been reported to be a protein associated with G-protein-coupled receptors that is required for the transduction of Hedgehog (Hh).[@bib15] Smo has been reported to serve as an obligatory transducer of the Hh signaling pathway in both insects and vertebrates.[@bib16]^,^[@bib17] Hh is a pleiotropic and morphogenic signaling pathway that regulates angiogenesis, proliferation, cancer stem cell (CSC) renewal, tissue repair, and matrix remodeling and plays an essential role in embryonic development.[@bib18], [@bib19], [@bib20] Evidence has been presented indicating that the Hh signaling pathway is aberrantly activated in the presence of certain tumors, such as basal cell carcinoma, medulloblastoma, and several gastrointestinal cancers.[@bib21] More specifically, the Hh signaling pathway has been shown to aid in the promotion of the regeneration, proliferation, and differentiation of adult somatic tissues.[@bib22] Previous studies have illustrated that the Hh signaling pathway plays an essential role in the development of tissues and organs, with studies implicating it in CSC maintenance in multiple tumors, including EC.[@bib23]^,^[@bib24] A relatively scarce number of studies have investigated the relationship among miR-135a, Smo, and the Hh signaling pathway; hence, we aimed to explore the effects of miR-135a on the invasion and migration of EC stem cells through the Hh signaling pathway by targeting Smo.

Results {#sec2}
=======

EC Tissues Exhibit Increased Smo Protein Level and a Low Rate of Cell Apoptosis {#sec2.1}
-------------------------------------------------------------------------------

Immunohistochemistry (IHC) was performed in order to identify the positive expression of Smo in EC and adjacent tissues. The positive staining of Smo was reflected by brown granules in the cytoplasm. The Smo protein was found to be highly expressed in EC tissues, whereas low expression was identified in the adjacent tissues through observation with a microscope ([Figure 1](#fig1){ref-type="fig"}A). The expression rate of Smo protein in EC tissues (77.54%) was significantly higher than that in the adjacent tissues (7.97%; p \< 0.05) ([Figure 1](#fig1){ref-type="fig"}B). TUNEL assay was performed to detect cell apoptosis. The apoptotic cells were found to be in a state of pyknosis, based on the observations made under a microscope. The results showed that the apoptotic rate of cells in EC tissues (4.81% ± 0.52%) was significantly lower than that in the adjacent tissues (7.4% ± 0.71%; p \< 0.05) ([Figures 1](#fig1){ref-type="fig"}C and 1D), whereas the cells in the EC tissues exhibited pyknosis with dark- and bright-colored staining. The results obtained indicated that Smo was expressed at a high level in EC, and EC tissues exhibited a reduced apoptotic rate.Figure 1EC Tissues Exhibit Highly Expressed Smo and Decreased Cell Apoptotic Rate(A) The positive rate of Smo in EC tissues and adjacent tissues by IHC staining (×200). (B) The statistical analysis of the positive expression rate of Smo. (C) The cell apoptotic rate in EC and adjacent tissues by TUNEL staining (×200). (D) The statistical analysis of the cell apoptotic rate. Measurement data were expressed as mean ± SD and analyzed by t test between two groups. n = 138. The experiment was repeated three times independently. \*p \< 0.05 versus the adjacent tissues.

EC Tissues Presented with Poorly Expressed miR-135a and Activated Hh Signaling Pathway {#sec2.2}
--------------------------------------------------------------------------------------

Previous studies have highlighted the key role played by the Hh signaling pathway in tissue and organ development.[@bib21] Moreover, the Hh signaling pathway has been shown to be activated in various types of tumors, including EC, and studies have implicated it in CSC, as well as in tumor maintenance.[@bib23]^,^[@bib24] Hence, we measured the expression of key proteins that participated in the Hh signaling pathway. The qRT-PCR results demonstrated that miR-135a exhibited a low expression in EC tissues when compared with that in adjacent tissues (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}A). Furthermore, our results revealed that the mRNA expression levels of Smo, Gli family zinc finger protein 1 (Gli1), sonic Hh (Shh), and Gli2 in EC tissues were significantly higher than those in adjacent tissues (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}B). Western blot analysis results revealed that the protein levels of Smo, Gli1, Shh, and Gli2 in the EC tissues were higher than those in the adjacent tissues (p \< 0.05) ([Figures 2](#fig2){ref-type="fig"}C and 2D). Taken together, the results obtained suggested that the expression of miR-135a was low, and the Hh signaling pathway was activated in EC tissues.Figure 2miR-135a Is Poorly Expressed, and Smo, Gli1, Shh, and Gli2 Are Highly Expressed in EC Tissues(A) miR-135a expression in each group measured via qRT-PCR. (B) mRNA expression of Hh signaling pathway-related genes (Smo, Gli1, Shh, and Gli2) in each group, measured via qRT-PCR. (C and D) Protein levels of Hh signaling pathway-related genes (Smo, Gli1, Shh, and Gli2), normalized to GAPDH in each group (C), as determined via western blot analysis (D). Measurement data were expressed as mean ± SD and analyzed by t test between two groups. n = 138. The experiment was repeated three times independently. \*p \< 0.05 versus the adjacent tissues.

Characteristics of EC Stem Cells {#sec2.3}
--------------------------------

CSCs represent important factors in the process of tumor cell maintenance, and CSCs were identified in EC. After 1--2 days of culture, the rate of growth was detected in a single-cell suspension. The cells were noted to be round and bright with a uniform size and strong refraction. After several passages, the number of suspended cell masses exhibited a progressive increase, and the volume of the small cell clusters became larger, whereas the cell balls presented with an egg-like shape. The cells cultured under serum-free conditions appeared to be adherent cells. The adherent cells were removed after the cells were passaged. The Eca-109 CSC clusters were collected to conduct passage cultivation. One-half of the medium was changed after 3 days. The tumor cell spheres were analyzed under a microscope after 3--4 days ([Figure 3](#fig3){ref-type="fig"}A). The cells were passaged once every 5--7 days. Under the microscope, the number and volume of suspended cells were observed to increase progressively, and the cells were observed to be closely connected after 6--7 days ([Figure 3](#fig3){ref-type="fig"}B). After a 7-day passage, the cells formed a new irregular cell ball approximately 4 days later ([Figure 3](#fig3){ref-type="fig"}C). The aforementioned results revealed that the isolated CD133-positive single cells possessed the ability to form tumor cell spheres with the CSC characteristics of strong self-renewal, differentiation, and proliferative capacity following CSC induction culture in serum-free DMEM/F12 medium with epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), BSA, and human insulin. At the same time, the induced stem cells were resuspended into the single cells again, diluted in a gradient, and cultured in a low-adhesion culture plate to observe the number of CSCs. The experimental results indicated that these cells still exhibited self-renewal and the capability to form CSC pellets ([Figures 3](#fig3){ref-type="fig"}D--3F).Figure 3Formation Processes of EC Cell Spheres in SFM(A) Culture for 4 days (×200). (B) Culture for 7 days (×200). (C) Subculture for 14 days (×200). (D) Culture for 4 days (×200). (E) Culture for 7 days (×200). (F) Subculture for 14 days (×200). (G) Positive expression rates of CD133/CD44/ABCG2 determined via flow cytometry.

The flow cytometry results showed that the content of CD133^+^ cells exhibited a great variation in all passages of the Eca-109 CSCs. The CD133 antigen expression in the primary Eca-109 cell line was only 1.08%, and the expression of CD133 CSCs at passage 1, 2, 3, and 4 was 6.78%, 19.36%, 45.28%, and 93.56%, respectively. The positive rate of expression presented an uptrend with increases in the number of passages ([Figure 3](#fig3){ref-type="fig"}G). CD44 and ABCG2 were subsequently measured, representing two markers of EC stem cells, the results of which revealed that the expressions of CD44 and ABCG2 gradually increased from passage 1 to 4.

Smo Was Verified as the Target Gene of miR-135a {#sec2.4}
-----------------------------------------------

Next, the correlation between Smo and miR-135a was explored. The biological prediction site <http://www.targetscan.org/vert_72/> indicated that miR-135a could target the Smo gene ([Figure 4](#fig4){ref-type="fig"}A), followed by verification using a dual-luciferase reporter gene assay. miR-135a inhibitor and wild-type (WT)-miR-135a/Smo or mutant (mut)-miR-135a/Smo recombinant plasmid were cotransfected into Eca-109 cells. The results obtained revealed that the miR-135a inhibitor had no notable effect on mut-miR-135a/Smo plasmid group luciferase activity (p \> 0.05); however, the luciferase activity in the WT-miR-135a/Smo plasmid group exhibited an increase of approximately 53% (p \< 0.05) ([Figure 4](#fig4){ref-type="fig"}B). The results collected suggested that miR-135a modulated Smo expression.Figure 4Smo Is a Target Gene of miR-135a(A) Binding sites between miR-135a and Smo 3′ UTR predicted on <http://www.targetscan.org/vert_72/>. (B) Luciferase activity detection via a dual-luciferase reporter gene assay. Measurement data were expressed as mean ± SD and analyzed by one-way ANOVA among multiple groups. The experiment was repeated three times independently. \*p \< 0.05 versus the control group.

miR-135a Modulated the Hh Signaling Pathway by Targeting Smo {#sec2.5}
------------------------------------------------------------

Smo was found to initiate a downstream signaling pathway and gene expression, and the effects of miR-135a on the Hh signaling pathway were subsequently investigated. The qRT-PCR results ([Figures 5](#fig5){ref-type="fig"}A and 5B) demonstrated that compared with the blank group, miR-135a expression was higher in the miR-135a-mimic group, remained unaffected in the Smo-small interfering RNA (siRNA) group, and was lower in the miR-135a-inhibitor group. Besides, the miR-135a-mimic and Smo-siRNA groups displayed diminished mRNA expression of Smo, Gli1, Gli2, and Shh in the Eca-109 cell line, whereas the miR-135a-inhibitor group exhibited the opposite trend (all p \< 0.05). No significant difference was detected regarding the expression of Smo, Gli1, Gli2, and Shh, identified among the negative control (NC) group, the Smo-siRNA + miR-135a-inhibitor group, and the blank group (p \> 0.05), but the Smo-siRNA + miR-135a-inhibitor group exhibited a considerably lower expression of miR-135a (p \< 0.05). The western blot analysis results highlighted an identical trend in regard to protein levels when compared to the qRT-PCR findings ([Figures 5](#fig5){ref-type="fig"}C and 5D). In order to demonstrate that the regulatory function of miR-135a on the Hh signaling pathway is Smo specific, a recovery experiment was performed. Overexpression of miR-135a in the Eca-109 cells inhibited the protein level of Gli1/Gli2, whereas the overexpression of Smo was observed to increase the protein level of Gli1/Gli2 ([Figure 5](#fig5){ref-type="fig"}E). Similarly, interference with miR-135a levels in Eca-109 cells promoted the Gli1/Gli2 protein level, and simultaneous interference with the Smo and miR-135a levels was found to elevate the Gli1/Gli2 protein level as well ([Figures 5](#fig5){ref-type="fig"}C and 5D). In summary, these results provided evidence demonstrating that miR-135a restrained the Hh signaling pathway by targeting Smo.Figure 5Upregulation of miR-135a Inhibited the Expression of Hedgehog Signaling Pathway-Related Genes (Smo, Gli1, Shh, and Gli2) by Regulating Smo in EC Cells(A) miR-135a expression and (B) the mRNA expression of Hedgehog signaling pathway-related genes measured via qRT-PCR. (C and D) Protein levels of Hedgehog signaling pathway-related proteins normalized to GAPDH (C), as measured by western blot analysis (D). (E) Gli1/Gli2 protein levels normalized to GAPDH, as measured by western blot analysis. Measurement data were expressed as mean ± SD and analyzed by one-way ANOVA among multiple groups. The experiment was repeated three times independently. \*p \< 0.05 versus the blank group.

Overexpression of miR-135a or Silencing of Smo Inhibited the Cell Viability and Promoted Cell Apoptosis of EC Cells {#sec2.6}
-------------------------------------------------------------------------------------------------------------------

Next, we evaluated the roles of miR-135a and Smo in regard to cell viability. The results of the cell counting kit-8 (CCK-8) assay revealed that the cells in each group proliferated over time ([Figure 6](#fig6){ref-type="fig"}A). No significant difference was detected in relation to cell viability among the blank, NC, and Smo-siRNA + inhibitor groups (p \> 0.05). Compared with the blank or NC group, the miR-135a-inhibitor group displayed a distinct increase in cell viability (p \< 0.05), whereas the cell viability in the Smo-siRNA and miR-135a-mimic groups decreased significantly (p \< 0.05). These results suggested that the upregulation of miR-135a or silencing of Smo could inhibit cell viability.Figure 6Upregulation of miR-135a or Silencing of Smo Inhibits Cell Proliferation and Promotes Cell Apoptosis in EC(A) Cell proliferation detected by CCK-8 assay. (B) Cell apoptosis detected by flow cytometry. (C) Statistical analysis of cell apoptosis. Measurement data were expressed as mean ± SD and analyzed by one-way ANOVA among multiple groups. The experiment was repeated three times independently. \*p \< 0.05 versus the blank group.

Apoptosis plays a crucial role in regulating tumor growth, and the role of miR-135a and Smo on EC cell apoptosis was illustrated by flow cytometry. Compared with that in the blank group, the apoptotic rate of the miR-135a and Smo-siRNA groups was significantly increased, whereas the apoptotic rate of the miR-135a-inhibitor group decreased (p \< 0.05). There was no significant difference detected among the NC group, the Smo-siRNA + inhibitor group, and the blank group (p \> 0.05) ([Figures 6](#fig6){ref-type="fig"}B and 6C). Thus, based on the results collected, we concluded that overexpression of miR-135a or silencing of Smo could facilitate cell apoptosis.

Overexpression of miR-135a or Silencing of Smo Suppressed the Cell Migration and Invasion of EC Cells {#sec2.7}
-----------------------------------------------------------------------------------------------------

Cancer cell migration is essential for tumor metastasis, and the function of miR-135a and Smo in EC cell migration was further evaluated by scratch test. No notable difference was identified in relation to cell migration between the blank group and the NC groups (p \> 0.05). Cell migration was markedly elevated in the miR-135a-inhibitor group (p \< 0.05), whereas diminished in the Smo-siRNA and miR-135a-mimic groups compared with the blank group (p \< 0.05). The migration ability was weaker in the miR-135a-inhibitor + Smo-siRNA than that in the miR-135a-inhibitor group (p \< 0.05) ([Figures 7](#fig7){ref-type="fig"}A and 7B). All of these results illustrated that miR-135a suppressed cell migration by regulating Smo.Figure 7Upregulation of miR-135a or Silencing of Smo Inhibits Cell Migration and Invasion in EC(A) Cell migration detected by scratch test. (B) Statistical result of cell migration. (C) Cell invasion detected by Transwell assay (× 200). (D) Statistical result of cell invasion. Measurement data were expressed as mean ± SD and analyzed by one-way ANOVA among multiple groups. The experiment was repeated three times independently. \*p \< 0.05 versus the blank group.

Finally, the roles of miR-135a and Smo in EC cell invasion were determined by Transwell assay. The number of invasion cells for the blank, NC, miR-135a-mimic, miR-135a-inhibitor, Smo-siRNA, and Smo-siRNA + inhibitor groups was (72.67 ± 3.51), (54.67 ± 2.31), (43.33 ± 2.08), (89.33 ± 3.79), (74.67 ± 3.06), and (75.33 ± 4.04), respectively. The blank, NC, and Smo-siRNA + inhibitor groups displayed no significant difference in cell migration (p \> 0.05). Compared with the blank group, the miR-135a-inhibitor group showed increased cell migration (p \< 0.05), whereas the cell migration in the Smo-siRNA and miR-135a-mimic groups decreased significantly (p \< 0.05) ([Figures 7](#fig7){ref-type="fig"}C and 7D). Our results suggested that miR-135a played a negative role in EC cell invasion by regulating Smo.

Discussion {#sec3}
==========

EC represents one of the most frequent and aggressive malignant cancers afflicting the gastrointestinal tract and has a low survival rate.[@bib25]^,^[@bib26] Recent studies have revealed that certain miRNAs exhibit aberrant expression in various human cancers, including EC, cervical cancer, and ovarian cancer, and function as tumor suppressors or oncogenes.[@bib27], [@bib28], [@bib29], [@bib30] The Hh signaling pathway represents a crucial regulator of cell differentiation and growth, with studies implicating it in the pathogenesis of various cancers, including gastric cancer (GC).[@bib31]^,^[@bib32] The current study aimed to investigate the effects of miR-135a on the biological behaviors of EC stem cells through the Hh signaling pathway by targeting Smo. Our findings provided evidence that miR-135a could inhibit the carcinogenic potency of EC Eca-109 cells by inhibiting the Hh signaling pathway by targeting Smo.

Initially, our experiment results demonstrated that EC tissues exhibited lower miR-135a expression than adjacent tissues. Consistent with the observations of our study, previous evidence has concluded that miR-135a is downregulated in GC and functions as a potential tumor suppressor by regulating Janus kinase.[@bib33] Furthermore, a key finding of our study revealed that mRNA and protein levels of Hh signaling pathway-related genes (Smo, Gli1, Gli2, and Shh) in EC tissues were remarkably higher than those in adjacent tissues. A previous study has demonstrated that Hh signaling is generally activated in the context of human cancers, including EC, and an early molecular difference is found in the development of EC, particularly esophageal adenocarcinomas.[@bib34] Gli1 plays an underlying regulatory role in EC stem cells and functions as an adverse prognostic cause in esophageal squamous cell carcinoma.[@bib24] In addition, the ectopic overexpression of Gli2 causes increased Shh pathway activation, as demonstrated by the evident increase in expression of Shh, Smo, and Gli1,[@bib35] which was also consistent with the findings of our study.

Second, our study demonstrated that following cell transfection, the mRNA and protein levels of Smo, Gli1, Gli2, and Shh in the miR-135a-mimic and Smo-siRNA groups exhibited a notable decrease when compared with those in the blank group, whereas the miR-135a-inhibitor group displayed a contrasting trend. Previous studies have shown that Smo is activated when Shh binds to Ptch1, a domain receptor of Hh and a 12-transmembrane protein that suppresses the activation of Smo.[@bib36]^,^[@bib37] Compared with those in each control group, the mRNA and protein levels of Smo and Gli1 were decreased after transfection with Smo-siRNA, which indicates that Smo can inhibit cell apoptosis.[@bib38] It has been reported that Smo inhibition can inhibit the downstream activation of Gli transcription factors, which ultimately inhibits the Hh signaling pathway and represses genes associated with cancer growth.[@bib39] Du et al.[@bib40] concluded that miR-326 could target Smo, and miR-326 upregulation diminishes the expression of Smo, Gli1, and Shh. Zhang et al.[@bib41] illustrated the ability of miR-218 to regulate multidrug resistance in GC by downregulating Smo, suggesting that the miR-218/Smo axis can be used as a therapeutic target to treat GC. In the Hh signaling pathway, Smo is defined as a specific transducer that is controlled via phosphorylation and ubiquitination, which ultimately causes the difference in the cell surface accumulation of Smo.[@bib42] Furthermore, during the current study, a biological prediction website and a dual-luciferase reporter gene assay provided verification, confirming that Smo is a target gene of miR-135a.

Finally, per the results of our experiments, in comparison to the blank group, the cell proliferation, migration, and invasion exhibited marked decreases, whereas the rate of cell apoptosis was elevated in the miR-135a-mimic and Smo-siRNA groups. The key findings of our study were consistent with previous studies that have demonstrated that miR-135a functions as a tumor suppressor and exerts a strong inhibitory effect on cell proliferation, migration, and invasion.[@bib43]^,^[@bib44] Moreover, miR-135a functions as a putative inhibitor through directly regulating the lipoprotein receptor in human gallbladder cancer.[@bib45] As a crucial component of the Hh signaling pathway, Smo contributes to tumor cell proliferation, migration, and invasion and induces tumor cell apoptosis.[@bib38]^,^[@bib46]

Taken together, the present study supported the notion that miR-135a blocks the Hh signaling pathway by downregulating Smo, thus repressing EC stem cell proliferation, migration, and invasion, which may facilitate the development of novel therapeutic methods for future EC treatments. Since this study did not provide detailed information regarding the mechanism by which the Hh signaling pathway can be regulated via Smo, further studies are needed to confirm this conclusion, and further research is required regarding the application of miR-135a in the treatment of EC.

Materials and Methods {#sec4}
=====================

Ethical Statement {#sec4.1}
-----------------

The study was conducted with the approval of the Affiliated Cancer Hospital of Zhengzhou University. All participants signed written, informed consent.

Study Subjects {#sec4.2}
--------------

Between October 2013 and October 2016, EC tissues and the adjacent tissues were collected from 138 patients confirmed with EC from the Gynecology Department of the Affiliated Cancer Hospital of Zhengzhou University. All participating patients had no tumor history and were yet to receive any chemotherapy or special treatments prior to operation. The patients with EC (87 males and 51 females), ranging from 21 to 73 years old, had a mean age of 48.8 ± 12.7 ([Table 1](#tbl1){ref-type="table"}). The tissue samples were promptly frozen in liquid nitrogen after removal from the patients and stored in a refrigerator at −80°C for subsequent use. All samples were confirmed by means of pathological diagnosis.[@bib47] The paraffin sections of all samples were further confirmed using H&E staining (including blocks stored in the Department of Pathology) and subsequently diagnosed by two senior experts.Table 1Baseline Characteristics of PatientsClinicopathological Characteristicsn**Pathological Stage**I--II76III--IV62**Lymph Node Metastasis**Yes68no70**Histological Grade**G147G250G341

IHC {#sec4.3}
---

The Smo protein levels in the esophageal lesions at various levels were evaluated using an IHC streptavidin-peroxidase assay. The de-waxing and hydration procedures were conducted as follows: the glued glass slide was baked for 90 min at 70°C for de-waxing in an electro-heating standing-temperature cultivator (DNP-9162; Shanghai Jinghong Experimental Equipment, Shanghai, China). The glass slide was then soaked in xylene I and II solutions for 10 min each at different concentrations of alcohol for 5 min (100%, 95%, and 75%). The glass slide was then washed with tap water four to five times. After three distilled water washes, the glass slide was placed in a 3% hydrogen dioxide solution for sealing for 8 min. After three additional washes using distilled water, the glass slide was treated with citrate buffer solution and placed in a microwave oven for blocking for 15 min at high temperature. After natural cooling, the glass slide was washed three times with distilled water and PBS for 5 min each. Next, the slide was sealed in serum for 0.5 h. A circle was drawn around the tissues with an oil pen and primary antibody against Smo (ab5694, 1:100; Abcam, Cambridge, MA, USA), followed by addition to the tissues, after which incubation was performed at 4°C overnight in a refrigerator. The tissues were then removed, stored at room temperature for natural warming for 10 min, and washed three times with PBS. The biotin-labeled goat anti-rabbit secondary antibody (1:500; Abcam, Cambridge, MA, USA) was added to the tissues for incubation at 37°C in an oven for 30 min, followed by three PBS washes. The tissues were treated with diaminobenzidine (DAB) solution (Vector Laboratories, Burlingame, CA, USA). After the tissues were colored, the glass slide was washed with tap water for 15 min, placed in hematoxylin solution for staining for 1 min, and washed twice under running water. Next, the slide was placed three times in a 1% hydrochloric acid solution (1--2 s each time) and washed two times by running water. The slide was then placed in alcohol at different concentrations successively (85%, 95%, and 100%) for 5 min each, as well as in xylene I and II solutions for 10 min each. Finally, the glass slide was air dried and sealed. A semiquantitative method was applied in order to express the results. The positive Smo protein expression was ascertained by determining the number of positive cells and the staining degree.

TUNEL Staining {#sec4.4}
--------------

The paraffin sections, which were previously prepared as described above, were washed twice with xylene for 5 min each time. The sections were washed with ethanol at different concentrations (100%, 95%, 90%, 80%, and 70%) for 3 min each and with PBS twice. The sections were immersed in Proteinase K working fluid for 15--30 min (21°C--37°C) or for 8 min in cell-penetrating fluid and washed twice with PBS. The TUNEL reaction solution was prepared by mixing 100 μL of DNase1 and 2′-deoxyuridine 5′-triphosphate (dUTP) label with 50 μL of terminal deoxynucleotidyl transferase (TdT) + 450 μL of fluorescein and reacting the mixture for 10 min at 15°C--25°C. When the slides dried, 50 μL of the TUNEL reaction mixture was added to the samples and reacted for 1 h at 37°C in a dark, wet box with a closed cover. After three PBS washes, a drop of PBS was added to the fluorescence microscope to count the apoptotic cells. When the slide was dried, the samples were treated with 50 μL of converter-peroxidase and incubated in a dark, wet box for 30 min at 37°C with the cover closed. The samples were washed three times with PBS, treated with the substrate DAB (50--100 μL), and permitted to react for 10 min under conditions between 15°C and 25°C. The sections were washed by PBS three times. After imaged, the sections were counterstained using methyl green and washed under tap water after several seconds. Ethanol was employed for dehydrating the paraffin section, xylene for clearing, and neutral gum for sealing. A drop of PBS was added to the samples, after which an optical microscope was used to observe the apoptotic cells, with the cells then imaged (200--500 cells). All of the kits used in the study were purchased from Zhongshan Biotechnology (Beijing, China). The rate of cell apoptosis was calculated by combining the morphological characteristics of apoptotic cells. The calculation method for the cell apoptotic rate was as follows: 5 high-power fields were chosen, a total of 7 fields were selected with 200 cells in each field, and apoptotic rate (%) = (apoptotic cells/total cell number) × 100%.

qRT-PCR {#sec4.5}
-------

The RT reagent kit was purchased from Takara Biotechnology (Dalian, Liaoning, China). Approximately 50 mg of frozen tissues was collected for RNA extraction purposes. The reagent kits used in qRT-PCR were purchased from Promega (Madison, WI, USA). The RNA was diluted 20 times with RNase-free ultra-pure water, and the absorption value of RNA was measured at wavelengths of 260 nm and 280 nm. The RNA concentration and purity were then determined. The RNA was used for later investigation if the optical density (OD)260/OD280 ratio was between 1.7 and 2.1. A qRT-PCR gene amplification instrument was employed to perform qRT-PCR to synthetize the cDNA template. The kits used in qRT-PCR were purchased from Takara Biotechnology (Dalian, Liaoning, China). An ABI7500 (Thermo Scientific, Rockford, IL, USA) qRT-PCR instrument was employed to conduct qRT-PCR. U6 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were regarded as internal references. Primer synthesis was completed by Shanghai Generay Biotech (Shanghai, China) ([Table 2](#tbl2){ref-type="table"}). The experimental data were analyzed using the 2^−ΔΔCt^ method. The miR-135a expression and mRNA expression of Smo, Gli1, Shh, and Gli2 were determined. This experimental method was also applicable to cells.Table 2The Primer Sequences for qRT-PCRGenePrimer SequencemiR-135aforward: 5′-AACCCTGCTCGCAGTATTTGAG-3′reverse: 5′-GCGGCAGTATGGCTTTTTATTCC-3′Smoforward: 5′-CTCTGTTCTCCATCAAGAGC-3′reverse: 5′-TCGTCACTCTGCCCAGTCAAC-3′Gli1forward: 5′-TCCTACCAGAGTCCCAAGTT-3′reverse: 5′-CCCTATGTGAAGCCCTATTT-3′Shhforward: 5′-TAGCCTACAAGCAGTTTATCC-3′reverse: 5′-TCGGTCACCCGCAGTTC-3′Gli2forward: 5′-CCTGGCATGACTACCACTATGAG-3′reverse: 5′-GGCTTGGCTGGCATGTTG-3′U6forward: 5′-GACACGCAAATTCGT-3′reverse: 5′-GTGCAGGGTCCGAGGT-3′GAPDHforward: 5′-CAGGGCTGCTTTTAACTCTGGT-3′reverse: 5′-GATTTTGGAGGGATCTCGCT-3′[^1]

Western Blot Analysis {#sec4.6}
---------------------

Protein lysis buffer was added to the frozen tissues, and the tissues were transfected for 48 h to extract the total protein. The protein quantitation was conducted using the Bradford method (Abcam, Cambridge, MA, USA). The total protein (50 μg) was used to conduct SDS-PAGE. The protein was transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The PVDF membrane was filled with transfer buffer, followed by transfer for 90 min at a constant current of 200 mA. The membrane was removed after the completion of the process and then washed in Tris-buffered saline with Tween-20 (TBST), one time. The membrane was blocked for 1 h at 4°C with 5% skim milk powder. Next, the primary antibodies to Smo (ab5694; Abcam, Cambridge, MA, USA), Gli1 (ab49314; Abcam, Cambridge, MA, USA), Shh (ab53281; Abcam, Cambridge, MA, USA), and Gli2 (ab16738; Abcam, Cambridge, MA, USA) and the internal reference GAPDH (ab8245; Abcam, Cambridge, MA, USA) were added to the membrane for incubation overnight at 4°C. A pipette was used to collect the primary antibody solution (1:100). The membrane was washed three times with TBST (10 min each time). After the TBST in two kits had been removed, the horseradish peroxidase-labeled antibodies (1:100; Thermo Scientific, Rockford, IL, USA) were added to the two kits for incubation at room temperature for 2 h. The membrane was then washed three times with TBST (10 min each time). The enhanced chemiluminescence (ECL) (Abcam, Cambridge, MA, USA) was employed for visualization. ImageJ software was used to analyze the protein gray level.

Cell Isolation and Culture {#sec4.7}
--------------------------

The cells of the EC cell line Eca-109 were obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI 1640 serum-supplemented medium (SSM) that contained 10% fetal bovine serum (FBS) under normal conditions. Serum-free medium (SFM) was prepared. Glucose (6 mg/mL), insulin (2 g/mL), B27 (1:50 with medium), heparin sodium (4 g/mL), EGF (20 ng/mL), bFGF (20 ng/mL), penicillin (100 U/mL), and streptomycin (100 U/mL) were applied to prepare SFM (DMEM/F12). EC cells in the logarithmic growth phase were detached using trypsin and 0.04% ethylene diamine tetra-acetic acid for 5 min, after which, the cells were percussed in order to prepare a single-cell suspension and resuspended in serum-free culture medium. Trypan blue staining was used to count the cells. The cell suspensions were inoculated in SFM conventional culture at a density of 2 × 10^4^ cells/mL. SFM was added to the glass culture bottle and 6-well culture plate and shaken several times every day to observe the formation process of cell microspheres. One-half of the medium was renewed every 3--4 days, and the cells were passaged once every 7 days. The microspheres in the SFM were collected during cell passage and centrifuged, and the supernatant was discarded. Next, the microspheres were resuspended in 0.25% trypsin for 10 min at 37°C, followed by the addition of 10% FBS RPMI 1640 medium to terminate detachment. The cell microspheres were percussed for dispersion into single cells. The single cells were washed via centrifugation, counted, and inoculated in SFM for passage culture at a density of 2 × 10^4^ cells/mL.

EC Stem Cell Identification {#sec4.8}
---------------------------

Eca-109 cell spheres at different passages were harvested to prepare single-cell suspension with pipettes. The single-cell suspension was subjected to centrifugation at 1,000 rpm/min for 5 min. The cells were washed again with ice-cold PBS and subjected to centrifugation at 1,000 rpm/min for 5 min. The concentration of the collected cells was subsequently adjusted to 1 × 10^7^ cells/mL. Two groups were set (each group with 100 μL of cell suspension). One group was treated with l μg of fluorescein-labeled mouse anti-human CD133 antibody, whereas the control group was treated with mouse immunoglobulin G antibody of the same type. The two groups were kept at room temperature for 30 min and washed three times with ice-cold PBS. The cells were resuspended in 200 μL of ice-cold PBS, and the number of CD133-positive cells was measured. The blank control group and the isotype control group were set.

Plasmid Construction {#sec4.9}
--------------------

miR-135a inhibitor, miR-135a mimic, and Smo-siRNA were purchased from Genepharma (Shanghai, China). The mut-Smo expression plasmid was collected by mutating the 3′ UTR sequence of Smo and the target gene of miR-135a and inserting it into the eukaryotic expression plasmid pcDNA3.1 vector.

Dual-Luciferase Reporter Gene Assay {#sec4.10}
-----------------------------------

The biological prediction website <http://www.targetscan.org/vert_72/> was explored in order to perform target gene analysis of miR-135a and to detect whether Smo was a direct target gene of miR-135a. DNA from Eca-109 cells was extracted in strict accordance with the instructions for the TIANamp Genomic DNA Kit (Tiangen Biotech, Beijing, China). The 3′ UTR sequence containing the potential target gene of miR-135a, Smo, was established. One-step site-directed mutagenesis was applied to construct the reporter gene plasmid vector pGL3 (Promega, Beijing, China) containing Smo-3′ UTR-WT and Smo-3′ UTR-WT (mut) (site-directed mutagenesis was conducted for the binding sites of miR-135a), which were then transfected into Eca-109 cells and cultured for 6 h in an incubator at 37°C with 5% CO~2~. The cells were placed in a fresh medium, cultured for approximately 48 h, and subsequently split. The cell lysate was then transferred to Eppendorf (EP) tubes and placed on ice for approximately 10 min. The cell lysate was centrifuged at 12,000 rpm/min for 5 min at 4°C. The supernatant was then transferred to a new EP tube. At room temperature, 100 μL of fluorescein and 10 μL of cell lysate were added to a luminous tube, with the light output measured in 10 s using a luminometer. The total protein in the lysate was determined using a bicinchoninic acid protein assay kit. Luciferase activity was expressed as relative light unit (RLU) per microgram.

Cell Group and Transfection {#sec4.11}
---------------------------

The cells were subsequently divided into the following groups: blank (cells transfected with no sequence), NC (cells transfected with NC of miR-135a), miR-135a mimic (cells transfected with miR-135a mimic), miR-135a inhibitor (cells transfected with miR-135a inhibitor), Smo-siRNA (cells transfected with Smo-siRNA), and Smo-siRNA + miR-135a inhibitor (cells cotransfected with Smo-siRNA + miR-135a inhibitor). The cells were inoculated in a culture bottle (50 mL) and were cultured in complete culture until they grew to a density of 30%--50%. Lipofectamine 2000 and DNA were prepared in a sterile EP tube. The medium was prepared by adding 5 μL of Lipofectamine 2000 and 100 μL of SFM and placed at room temperature for 5 min. siRNA (50 nmol) and 100 μL of SFM were placed at room temperature for 20 min to form complexes of the liposome and DNA. SFM was employed to wash the cells in a culture bottle. SFM and antibody-free medium were then added to the complexes. The mixture was then further mixed evenly and added to the culture bottle (50 mL) for transfection. Next, it was placed in an incubator under 5% CO~2~ at 37°C. After 6--8 h of culture, new medium was added. The cells were collected to extract total protein after culture for 24--48 h.

CCK-8 Assay {#sec4.12}
-----------

The cell suspension (2 × 10^4^ cells/mL) from each group after transfection was inoculated into a 96-well plate (100 μL/well). After cell attachment, the cell number was determined at intervals of 24 h, 48 h, and 72 h, respectively. The protocol steps were performed as follows: 100 μL of fresh medium containing 10 μL of CCK-8 (Beyotime Biotechnology, Shanghai, China) was added to the plate after the culture medium was removed, and the plate was placed in a CO~2~ incubator for 6 h. A microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure the OD at a wavelength of 450 nm. The survival rate = (OD/OD ~control\ group~) × 100%. The experiment set up six duplicated wells.

Flow Cytometry {#sec4.13}
--------------

The AnnexinV/propidium iodide (PI) double-staining method was performed in order to detect cell apoptosis. The EC stem cells were collected after 48 h of transfection, after which, the density was adjusted to 1 × 10^6^ cells/mL. In centrifuge tubes, 0.5 mL of cell suspension and 1.25 μL of AnnexinV-fluorescein isothiocyanate (FITC) (Nanjing KeyGen Biotech, Nanjing, China) were added. After reaction at room temperature under conditions void of light for 15 min, the complexes were centrifuged at 1,000 rpm/min for 5 min. The supernatant was discarded, after which, the cells were gently resuspended with 0.5 mL of precooling binding buffer, treated with 10 μL of PI, and immediately analyzed using a flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Apoptotic rate (%) = (apoptotic cells/total cells) × 100%.

Scratch Test {#sec4.14}
------------

A marker pen was used to draw a horizontal scratch with a length of 0.5--1 cm behind the 6-well plate. A total of 3 × 10^4^ transfected cells were inoculated into a 6-well plate with marked lines and cultured overnight. On the next day, after the cell density increased to 80%--90%, a pipette tip was used to draw perpendicular lines. After 48 h of incubation, eight fields with scratches were randomly selected. The movements of the cells were analyzed, images were acquired, and samples were collected. Next, Motic Images Advanced 3.2 software was used to determine the relative width of the scratches, which was considered to be a reflection of the migration of the cells.

Transwell Assay {#sec4.15}
---------------

Matrigel was dissolved overnight at 4°C and diluted (1:3) with serum-free DMEM. The diluted Matrigel (30 μL) was then added to each Transwell upper chamber (three times: 15 μL, 7.5 μL, and 7.5 μL, respectively) at an interval of 10 min. Matrigel was evenly spread on the upper chamber, with all of the micropores covered. The cell suspension was inoculated on the upper chamber of the Transwell, and 0.5 mL of DMEM containing 10% FBS was added to the bottom chamber of the 24-well plate. The number of cells passing through the Matrigel was regarded as an index to evaluate the cell migration.

Statistical Analysis {#sec4.16}
--------------------

SPSS19.0 (IBM, Armonk, NY, USA) statistical software was used to analyze the data of our study, with the experiment conducted three times. Measurement data were expressed as the mean ± SD. The comparison of measurement data among groups was conducted via variance analysis. Data differences were compared between groups using a t test and among multiple groups with a one-way ANOVA. The enumeration data were expressed as frequency. The classification data comparison was performed using the chi-square test, rank data were analyzed via the rank-sum test, and correlation analysis was conducted by Spearman rank correlation test. p \< 0.05 was considered to be reflective of statistical significance, whereas p \< 0.01 indicated distinctive statistical significance.
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